Germacrone, a natural 10-membered monocyclic sesquiterpene with three double bonds and a ketone, was isolated from the roots of traditional Chinese medicine Saussurea costus (SC). e pharmacological value and intrinsic mechanism of germacrone in the treatment of esophageal squamous cell carcinoma (ESCC) are still unclear. erefore, in this study, we further explored the internal molecular mechanism by which germacrone exerts its antiproliferation and antimigration ability against ESCC. 3-(4,5-Dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) assays showed that germacrone dose-dependently inhibited the proliferation of ESCC cells. Flow cytometry analysis (FACS) and wound healing experiments on germacrone treated ESCC cells showed that germacrone could induce apoptosis and inhibit the migration of ESCC cells in a dose-dependent manner. In the study on the mechanism of action of germacrone in antiesophageal cancer, we found that germacrone increased the ratio of Bax/Bcl-2 in the cytoplasm of ESCC, resulting in the activation of Caspase-9 and Caspase-3 and decreased the expression of Grp78, thereby reducing the inhibition of Caspase-12 and Caspase-7. In addition, we found that germacrone also inhibited STAT3 phosphorylation in a dose-dependent manner. In conclusion, we determined that germacrone exerted an antiesophageal effect through intrinsic apoptotic signaling pathways and by inhibiting STAT3 activity in ESCC cells.
Introduction
Esophageal cancer is the ninth most common cancer in the world. Types of esophageal cancer include esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC) [1] . About 572,000 new cases of esophageal cancer are diagnosed each year and over 509,000 deaths are estimated to be due to esophageal cancer [1] . Its incidence was significantly affected by regional and ethnic differences [2] .
e 5-year survival rate of patients with ESCC was only 10% [3] . In 2012, the number of deaths due to ESCC accounted for 5% of all cancer deaths [4] . Moreover, ESCC accounts for 80% of esophageal cancer cases worldwide and is the primary histological subtype [5] . At present, there are no effective chemopreventive and therapeutic strategies for this lethal disease. Since there are no early symptoms, ESCC is commonly diagnosed at an advanced stage. Moreover, poor efficacy, adverse drug reactions, and drug resistance are the biggest drawbacks to systemic chemotherapy of ESCC. erefore, clarification of its pathogenesis and identification of efficacious agents as new potential chemotherapeutic remedies for its prevention, diagnosis, and treatment are urgently needed.
Plant-derived natural products provide a major source of anticancer agents with high efficiency and low toxicity. Many antitumor drugs are obtained directly or indirectly from natural products, such as camptothecin, paclitaxel, and doxorubicin, all of which have been successfully used in clinical practice [6] . In addition, a large number of anticancer agents from natural products are undergoing preclinical evaluation and clinical studies [7] . Hence, exploring more natural products from natural sources to treat ESCC may meet the growing demand for development of chemotherapy agents.
Saussurea costus (Falc.) Lipech (SC), a well-known traditional Chinese medicine, has long been used to treat asthma, certain bronchitis, ulcer, and stomach problems [8, 9] . Several reports indicated that the plant has hepatoprotective, antiparasitic, antiulcer, immunomodulatory, and anticancer properties [10] . In recent years, it has drawn wide attention due to its potential anticancer activities against various types of cancers. e main chemical components of SC are monoterpenoids and sesquiterpenoids [11] . Germacrone, a natural 10-membered monocyclic sesquiterpene with three double bonds and a ketone, is one of the main chemical constituents of the roots of SC. Germacrone can inhibit the proliferation of many cancers, such as glioma [12] , retinoblastoma [13] , breast cancer [14] [15] [16] , liver cancer [17] , prostate cancer [16] , and colon cancer [16] . However, few researches about the effect of germacrone on ESCC cells have been reported so far. Hence, the object of the present study is to investigate the potential value of germacrone in ESCC treatment. In this study, germacrone was purified from the roots of SC. e antiproliferation assay of germacrone on ESCC cells showed that germacrone time-and dose-dependently inhibited the proliferation of ESCC cells. Wound healing and FACS assays revealed that germacrone inhibited ESCC migration and induced ESCC apoptosis. Our further data indicated that the molecular mechanism for germacrone induced ESCC cell apoptosis was associated with the inhibition of STAT3 phosphorylation, as well as the activation of the intrinsic apoptosis signaling pathway.
Materials and Methods

Instruments.
Semipreparative high performance liquid chromatography (HPLC) was performed on a Waters 2535 HPLC coupled with a 2998 photodiode array (PDA) detector and a 2707 automatic sampler (Waters, Milford, MA, USA). Separations were carried out on ermo C18 columns (5 μm, 10 × 250 mm; 5 μm, 20 × 150 mm). High performance liquid chromatography-photodiode array detector-electrospray ionization mass spectrometry (HPLC-PDA-ESIMS) analysis was recorded on a Waters ACQUITY SQD MS system connected to a Waters 1525 HPLC fitted with a 2998 PDA detector. EIMS data were obtained with a MAT-95 mass spectrometer. NMR spectra were recorded on an AVANCE III 600 MHz spectrometer (Bruker BioSpin, Ettlingen, Germany). e HPLC-grade acetonitrile for chromatography was purchased from Tedia Corporation (Fairfield, OH, USA). Sephadex LH-20 gel was obtained from GE Health Care (Uppsala, Sweden).
Reagents and Chemicals.
Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), phosphatebuffered saline (PBS), and antibiotics (1% penicillin/streptomycin) were obtained from Hyclone (Logan, UT, USA).
Annexin V-FITC kit and PI kit were purchased from BD Pharmingen (San Diego, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT) was obtained from Sigma (Darmstadt, Germany). Caspase-3(9962), Caspase-9(9508), MMP-9(13667), Bax (5023), Bcl-2 (2870), PARP (9542), STAT3(12640), p-STAT3(4113), and β-actin(3700) were purchased from Cell Signaling Technology (Boston, USA). Caspase-7 (GTX102337), Caspase-12 (GTX132298), and Grp-78 (GTX113340) were purchased from GeneTex (Texas, USA). 
Plant
Extraction and Isolation.
Air-dried roots of SC (400 g) were ground into powders and then extracted by maceration with 80% ethanol (4 × 5 L, 3 days each) at room temperature.
e solvent was evaporated under reduced pressure to give a residue (100 g).
e residue was dispersed in water and extracted repeatedly with petroleum ether (4 × 1.0 L) to obtain a terpene-enriched fraction (15 g ). Fourteen grams of this fraction was subjected to D101 macroporous resin column chromatography (CC) (300 g, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) and eluted sequentially with 20%, 40%, 60%, 80%, and 95% ethanol in water to yield five fractions. e 80% ethanol fraction (2.4 g) had the strongest inhibitory effect on ESCC cell proliferation. Part of the 80% ethanol fraction (2.3 g) was separated by Sephadex LH-20 CC using CH 2 Cl 2 -MeOH (1 : 2, v/v) containing 0.1% formic acid, followed by semipreparative HPLC (acetonitrile : water : formic acid, 0-20 min, 60 : 40 : 0.1 to 100 : 0 : 0.1; 20-25 min, 100 : 0 : 0.1) to afford germacrone (150 mg). e structure of this compound was determined by comparing its 1 H-NMR and 13 C-NMR data (Figures S1 and S2 in Supplementary Materials) with those reported in the literature [18] .
Cell Culture.
e following human cell lines are used in this study: the ESCC cell lines Eca109 and EC9706 and the normal esophageal epithelial cell line Het-1A. Eca109 cells were obtained from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). EC9706 and Het-1A cells were obtained from the State Key Laboratory of Molecular Oncology (Beijing, China). All cell lines were cultured in DMEM supplemented with 10% (v/v) heatinactivated FBS and 1% penicillin/streptomycin at 37°C in a humidified atmosphere of 5% CO 2 .
Cell Viability Analysis.
e viability of Eca109, EC9706, and Het-1A cells was analyzed by MTT assay [19, 20] . Cells were seeded in 96-well plates at a density of 1 × 10 5 cells/well. 
Wound Healing Assay.
A wound healing assay was performed as described in the literature [21] . Eca109 and EC9706 cells were seeded in 12-well plates (4 × 105 cells/ well) to produce a confluent monolayer. e cell monolayer was scratched with a pipette tip and washed with PBS. Cells were then incubated with different concentrations (0, 5, 10, 15 μg/mL) of germacrone. Moreover, the expression level of matrix metalloproteinases (MMPs) is believed to play an important role in tumor migration and invasion [22] . Scratch wounds were photographed with a phase contrast microscope (Leica, Nussloch, Germany) at 0, 12, and 24 h posttreatment, respectively. e wound area was quantified using ImageJ software.
Flow Cytometry Analysis (FACS).
Eca109 and EC9706 cells were seeded in 6-well plates at a density of 1 × 10 5 cells/well. After 24 h cultivation, cells were treated with different concentrations (0, 10, 20, 30 μg/mL) of germacrone for 24 h. Cells were then preprocessed and submitted to Annexin V/propidium iodide (PI) staining for FACS analysis according to the protocol described previously [23] . Briefly, cells were harvested by centrifugation (2000 rpm for 5-10 min) and resuspended in 300 μL of 1 × Binding Buffer. Subsequently, 5 μL of Annexin V-FITC and 5 μL of PI solution were added followed by incubation at room temperature for 15 min in the dark. Induction of apoptosis was measured by a Guava easyCyte flow cytometry (Millipore, MA, USA) and analyzed using FlowJo software.
Observation of Morphological Changes.
Eca109 and EC9706 cells were seeded in 6-well plates at a density of 1 × 10 5 cells/well. After 24 h cultivation, cells were treated respectively with germacrone (0, 10, 20, 30 μg/mL) and CCDP (10 μg/mL) for 24 h. e cellular morphological changes following the treatments were observed and photographed under the phase contrast microscope. Cells were then fixed with stationary liquid (methanol: acetic acid � 3 : 1), stained with Hoechst 33258 solution (10 μg/mL), and examined under a fluorescence microscope (Leica, Nussloch, Germany). Cells featured with chromatin condensation, marginalization, or nuclear beading were scored as apoptotic.
Western Blot Analysis.
e expression of apoptotic proteins in Eca109 and EC9706 cells after treatment with germacrone was analyzed by Western blot. Briefly, cells were harvested and lysed in RIPA buffer containing the protease inhibitors phenylmethanesulfonyl fluoride and PhosSTOP (Nantong, Jiangsu Province, China). e concentrations for tested proteins in the supernatant obtained by centrifugation (12,000 rpm) of the cell lysate at 4°C were determined by BCA kit (Nantong City, Jiangsu Province, China). e total protein was separated by 7.5-12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane (BioRad, CA, USA). e membrane was then blocked with 5% skimmed milk for 2 h at 37°C and probed with primary antibodies overnight at 4°C. After 2 h incubation at 37°C with corresponding secondary antibodies, the protein bands were detected using the HRP-ECL system (Nantong, Jiangsu Province, China).
Statistical Analysis.
All data were expressed as means ± standard deviation (SD) of three independent experiments. Statistical analysis was performed with GraphPad Prism 6.0 software using one-way analysis of variance (ANOVA). P value <0.05 was considered as statistically significant.
Results
Germacrone Inhibits ESCC Cell Proliferation.
e effect of germacrone on the viabilities of Eca109 and EC9706 cells was examined by MTT assay. e results revealed that the proliferation of both cell lines were inhibited by germacrone in dose-and time-dependent manners (Figures 1(a) (Figure 1(c) ).
Germacrone Inhibits ESCC Cell Migration.
e effect of germacrone on the migration capacity of ESCC cells was determined by wound healing experiments. Different concentrations of germacrone and ESCC cells were used to study wound healing. As shown in Figures 2(a) and 2(b), ESCC cells without germacrone treatment were significantly healed after 24 h of wound healing, while ESCC cells treated with germacrone were inhibited, and germacrone had dosedependent inhibition on wound healing. In addition, after ESCC incubation for 24 h, the relative wound surface area ratio of the germacrone treated group to the blank control group exceeded 0.6. In a molecular mechanism that inhibits cancer cell migration, germacrone dose-dependently inhibits the expression of matrix metalloproteinase (MMP)-9 ( Figures 2(e)-2(h) ).
Morphological Observation of Apoptosis Induced by
Germacrone in ESCC Cells. Apoptosis is the most common form of cell death [24] . In order to confirm whether germacrone could induce ESCC cell apoptosis, morphological changes of ESCC cells treated by germacrone or CCDP were observed and compared. When cells undergo apoptosis, some significant morphological changes occur, including fine chromatin condensation and apoptotic bodies [25] . ESCC cells treated with germacrone were observed by phase contrast microscopy. e cell morphology showed typical apoptotic characteristics, such as cell contraction and deformation, and with the increase of germacrone treatment concentration, the number of ESCC cell apoptosis also increased (Figures 3(a)-4(a) ). Hoechst 33258 staining was used to observe the accuracy of germacrone for apoptosis of ESCC cells. e results showed that germacrone increased the amount of chromatin condensation and apoptotic bodies in ESCC cells in a dose-dependent manner and was marked with arrows in the photographs (Figures 3(b)-4(b) ). To further confirm this result, Annexin V-PI flow cytometry was performed. e results were consistent with the above conclusion that germacrone could significantly induce ESCC (Eca109 and EC9706) cell apoptosis. After incubation with germacrone for 24 h, the apoptosis rates of Eca109 cells were 13.87%, 25.02%, and 42.49%, while the corresponding therapeutic concentrations of germacrone were 10, 20, and 30 μg/mL, respectively (Figure 3(c) ). Similarly, in EC9706 cells incubated by germacrone, the apoptosis rates were 17.67%, 21.73%, and 34.84%, respectively (Figure 4(c) ). Annexin V-PI staining was used for qualitative analysis. Observation and analysis under the fluorescence microscope revealed that germacrone induced apoptosis in ESCC cells (Figures 3(d)-4(d) ). All the above results indicated that germacrone could further inhibit ESCC cell proliferation by inducing ESCC cell apoptosis.
Germacrone Induced ESCC Cell Apoptosis by Intrinsic
Apoptosis Pathway. We are interested in how germacrone affects the expression of key proteins in the apoptosis mechanism. Proapoptotic Bax and antiapoptotic Bcl-2 regulate intrinsic apoptosis senses of death signals [26] . Previous studies have reported that the balance of Bax/Bcl-2 determines the occurrence of mitochondrial apoptosis and the increase of Bax/Bcl-2 is considered to be the starting site for promoting apoptosis [27] . Caspase-9 and Caspase-3 are critical for mitochondrial apoptosis in cells, and once they are activated, their precursor forms are cleaved [28] . PARP is the target protein of Caspase-3, affecting the repair of cancer cells. Activated Caspase-3 cleaves PARP and prevents DNA from repair [29] . erefore, we used western blot to detect the expression of five key proteins (Bcl-2, Bax, cleaved Caspase-9, cleaved PARP, and cleaved Caspase-3) in ESCC cells after incubation with germacrone. And germacrone increased the proportion of Bax/Bcl-2 and the expression of cleaved Caspase-9, Caspase-3, and PARP in ESCC cells in a dose-dependent manner ( Figure 5) .
ese results suggest that germacrone may induce apoptosis in ESCC cells by activating the mitochondrial apoptotic pathway. In addition, Caspase-3 may be activated through the endoplasmic reticulum apoptosis pathway, so we also studied the effect of germacrone on the endoplasmic reticulum of ESCC cells. Persistence of endoplasmic reticulum stress (ERS) induces apoptosis [30] . Caspase-12 plays an indispensable role in ERS-induced apoptosis, and Caspase-7 mediates apoptosis through translocation and cleavage [31] . Nevertheless, inhibition of ERS-induced apoptosis is usually prevented by the glucose regulatory protein Grp78 from the activation of Caspase [32] . erefore, we investigated the expression of Grp78, cleaved Caspase-12, and cleaved Caspase-7 in germacrone treated ESSC cells.
e results showed that germacrone could increase the expression of Caspase-12 and Caspase-7 lysed in ESSC cells and downregulate the expression of Grp78 ( Figure 6 ). e experimental results indicate that germinone-induced apoptosis of ESCC cells is also mediated by stimulation of the endoplasmic reticulum signaling pathway. erefore, combining all of the above findings, we conclude that germacrone induces apoptosis in ESCC cells via the intrinsic apoptotic signaling pathway.
Germacrone Represses STAT3 Activity in ESCC Cells.
STAT3 is one of the most important transcription factors in the growth of cells, regulating cell proliferation and apoptosis, and is continuously activated in human cancer cells [33] . In addition, Bcl-2 is one of the sites of action of the STAT3 gene [34] . In view of the fact that germacrone has been shown to downregulate Bcl-2 protein in ESCC cells in the above experiments, we also have an interest in germacrone in the changes in STAT3 protein expression in ESCC cells. Previous studies have found that phosphorylated STAT3 active forms are primarily mediated by phosphorylation at Tyr705 [35] . Hence, the expressions of STAT3 were investigated (Figures 7(a) and 7(b) ). As shown in the results of Figures 7(c) and 7(d), germacrone dose-dependently inhibits basal phosphorylation of STAT3 at Tyr705 but does not affect the protein level of total STAT3. erefore, these findings indicate that germacrone has the potential to inhibit STAT3 phosphorylation in ESCC cells.
Discussion
Some studies have shown that the anticancer activity of Saussurea costus is mainly due to its major components sesquiterpenoids [36, 37] . Germacrone is a sesquiterpene and has certain anticancer effects on glioma, retinoblastoma, breast cancer, liver cancer, prostate cancer, and colon cancer [12] [13] [14] [15] [16] [17] 38] . However, the pharmacological effects and mechanisms of germacrone against human ESCC are still poorly understood. In our study, germacrone showed antiproliferative activity against two ESCC cell lines. Our research manifested that germacrone dose-dependently and time-dependently inhibited ESCC cell proliferation and migration.
erefore, we conducted in vitro studies to further elucidate the antitumor potential of germacrone in ESCC cells.
e typical pathological hallmarks of ESCC cells, like most malignant tumor cells, are invasion, metastasis, and resistance to apoptosis [39] [40] [41] . Our study showed that germacrone treatment inhibited the migration of Eca109 and EC9706 cells even at a low concentration and inhibited the expression of matrix metalloproteinase dose-dependently, suggesting that germacrone can inhibit the invasion and migration of ESCC cells. Apoptosis is an intrinsic selfregulatory mechanism associated with many biological processes. Defects in apoptosis mechanisms can destroy the delicate balance of the cell process and might eventually lead to cancer. Some cancers, including ESCC, are highly dependent on survival abnormalities in the apoptotic signaling pathway, but still retain some of the apoptotic mechanisms. erefore, targeted therapy for the development of natural drugs by inducing apoptosis in cancer cells is crucial.
erefore, we first determined whether germacrone would induce apoptosis in ESCC cells through morphological observation.
e apoptotic pathways can be divided into intrinsic apoptotic pathways and extrinsic apoptotic pathways. Mitochondria play an important role in intrinsic apoptotic pathways [42] . Bcl-2 family members are very pivotal in regulating this pathway. e relative expression of Bcl-2 and Bax and the activation of Caspase-9 and Caspase-3 are classical events mediating mitochondrial apoptosis signaling pathway, among which Bax and Bcl-2 regulate the apoptotic activators by controlling the permeability of mitochondrial membrane [43] . Increased Bax/Bcl-2 ratio in cells leads to the release of mitochondrial pigment C, which activates caspase-9 and caspase-3, and ultimately induces cell apoptosis. PARP is an early target of activated Caspase, and its cleavage product can be used as a marker of apoptosis [44] . FACS analysis showed that the proportion of apoptotic cells increased gradually after germacrone treatment, which was consistent with the observation of changes in apoptotic bodies under phase contrast microscopy. Additionally, western blot analysis showed that germacrone treatment dose-dependently decreased cleaved PARP levels, suggesting that germacrone induced apoptosis in ESCC cells, which was verified by other western blot results. e ratio of Bax/Bcl-2 was dose-dependently increased after germacrone treatment. ese results illustrated that germacrone may be a potential anti-ESCC agent by activating the mitochondrial apoptotic signaling pathway. Secondly, endoplasmic reticulum also plays a role in the intrinsic apoptosis pathway. Since the upstream sites of Caspase-3 activation and Caspase-12 activation were also involved, we were curious about whether germacrone would affect the endoplasmic reticulum to induce apoptosis. And we found that the endoplasmic reticulum apoptosis pathway is a newly discovered apoptosis pathway. ERS is triggered by an imbalance in calcium homeostasis and accumulation of unfolded or misfolded proteins in the ER. e persistence of ERS induces normal cell apoptosis, but in the early ERS, the cells evoke a repair mechanism called the unfolded protein response (UPR) to reconstruct ER homeostasis in an attempt to maintain viability. When cancer cells are exposed to metabolic disorders such as hypoxia, nutrient deficiency, and oxidative stress, this leads to persistent ERS. However, cancer cells appear to benefit from UPR to escape apoptosis and adapt to the transformed state [45] . Considering that the upregulation of ERS is also detected in ESCC and is associated with the development of ESCC [46] , we examined the impact of germacrone on ERS in ESCC. Grp78 expression was detected in germacrone treated Eca109 and EC9706 cells, and the increased expression of Grp78 is usually associated with the initiation of microenvironmental stress and UPR in a variety of cancers. e dose-dependent inhibition of germacrone on Grp78 expression indicated that it had an effect on the ERS pathway, which stimulated our interest in the involvement of the ERS pathway in germacrone induced apoptosis of ESCC cells. Caspase-12, as a core molecule, is activated by Grp78 and Caspase-7, which is related to the ERS apoptosis signaling pathway [31] . e expressions of cleaved caspase-12 and cleaved caspase-7 were detected, and the results showed that germacrone treatment increased their activity. ese findings suggested that germacrone induces apoptosis by inducing the intrinsic apoptosis pathway of ESCC cells. In general, the mechanism of apoptosis is also controlled by some antiapoptotic genes. e previous studies on the antiproliferation and migration of ESCC cells by germacrone have motivated us to imagine whether germacrone affects cell proliferation, migration, and apoptosis by controlling certain genes in ESCC. Germacrone inhibits cell proliferation by affecting the division process of ESCC cells and it inhibits cell migration and invasion by inhibiting the expression of MMP family in ESCC cells. In studying the intrinsic apoptosis pathway, we evaluated the effect of germacrone on the Bcl-2 family of ESCC cells. Based on the above studies, we hypothesized that germacrone is sensitive to the STAT3 gene in ESCC. STAT3 is a key molecule in the antiapoptotic pathway important in many cancers [47] . To investigate whether STAT3 signaling was a germacronetriggered ESCC apoptotic medium, STAT3 activity was tested in vitro. e result showed that germacrone had a dose-dependent effect on STAT3 activity.
is result improves our understanding of the importance of germacrone in the treatment of ESCC cells and suggests that germacrone may be a STAT3 inhibitor in the development of targeted chemotherapy drugs.
Conclusions
In conclusion, germacrone, a natural 10-membered monocyclic sesquiterpene with three double bonds and a ketone, was isolated and identified from the roots of Saussurea costus. Germacrone has the capacity of inducing ESCC cell apoptosis via affecting Caspase-dependent mitochondria, ER stress, and STAT3 inactivation. is natural product may have the potential to be developed into a new therapeutic drug against ESCC.
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